Mitochondrial morphology is maintained by the opposing activities of dynamin-based fission and fusion machines. In response to stress, this balance is dramatically shifted toward fission. This study reveals that the yeast transcriptional repressor cyclin C is both necessary and sufficient for stress-induced hyper-fission. In response to oxidative stress, cyclin C translocates from the nucleus to the cytoplasm where it is destroyed. Prior to its destruction, cyclin C both genetically and physically interacts with Mdv1p, an adaptor that links the GTPase Dnm1p to the mitochondrial receptor Fis1p. Cyclin C is required for stress-induced Mdv1p mitochondrial recruitment and the efficient formation of functional Dnm1p filaments. Finally, coimmunoprecipitation studies and fluorescence microscopy revealed an elevated association between Mdv1p and Dnm1p in stressed cells that is dependent on cyclin C. This study provides a mechanism by which stress-induced gene induction and mitochondrial fission are coordinated through translocation of cyclin C.
Introduction
Mitochondria are dynamic organelles undergoing constant fusion and fission during normal cell division. The equilibrium between fission and fusion is controlled by the activity of conserved molecular machines driven by dynamin-like GTPases (see (Westermann, 2010) for review). In budding yeast, mitochondrial fission requires the GTPase Dnm1p that forms atypical helical filaments that first encircle, then constrict, mitochondria until scission is achieved (Mears et al., 2011) . Recruitment of Dnm1p to the mitochondria requires the outer membrane protein Fis1p (Mozdy et al., 2000; Tieu et al., 2002) and one of two adaptor proteins, Mdv1p (Mozdy et al., 2000; Tieu and Nunnari, 2000) or Caf4p . On the other side of the equation, the fusion of the inner and outer mitochondrial membranes requires the Mgm1p and Fzo1p GTPases, respectively (Meeusen et al., 2006; Rapaport et al., 1998) . Several studies have demonstrated that the proper balance of fission and fusion is required for normal mitochondrial function (Ishihara et al., 2009; Wakabayashi et al., 2009 ).
The balance between fission and fusion is shifted dramatically toward fission in cells exposed to exogenous stress (Westermann, 2010) . Mitochondrial hyper-fission is a conserved hallmark of the stress response (Igaki et al., 2000; Karbowski et al., 2002; Vieira et al., 2002) and is associated with the release of sequestered programmed cell death (PCD) inducing factors from this organelle (Breckenridge et al., 2003; Frank et al., 2001) . Consistent with a connection between fission and PCD, yeast mutants lacking Dnm1p are more resistant to cytotoxic agents (Fannjiang et al., 2004) .
The conserved protein kinase cyclin C-Cdk8p (Bourbon, 2008) associates with the RNA polymerase II holoenzyme mediator complex Liao et al., 1995) . The cyclin C-Cdk8p kinase associates with two other proteins, Med12p and Med13p, to form a subcomplex termed the Cdk8 module (Bourbon, 2008) that plays both positive and negative roles in transcription depending on the locus (Chi et al., 2001; Hirst et al., 1999; van de Peppel et al., 2005; Vincent et al., 2001) . Phenotypic studies in yeast have found that cyclin C-Cdk8p is required for several processes that respond to external cues including meiotic development (Cooper and Strich, 2002) , pseudohyphal growth (Nelson et al., 2003) and PCD execution (Krasley et al., 2006) . To relieve cyclin C-Cdk8 repression in yeast, cyclin C is destroyed (Cooper et al., 1997) following its translocation from the nucleus to the cytoplasm (Cooper et al., 2012) . Here we provide evidence that, prior to its destruction, cytoplasmic cyclin C interacts with the fission machinery to promote stress-induced mitochondrial hyper-fission. These findings indicate that stress induced gene induction and mitochondrial fission are coordinated through cyclin C relocalization.
Results

Cyclin C-YFP localizes to the mitochondria following H 2 O 2 -induced oxidative stress in yeast
Our previous studies revealed that exposure to several stressors, including H 2 O 2 , induces cyclin C translocation from the nucleus to the cytoplasm where it forms punctate foci (Cooper et al., 2012) . As mitochondria play a key role in mediating cell death, and cyclin C is required for normal PCD in yeast (Krasley et al., 2006) , we first examined whether cyclin C foci associated with this organelle. Wild-type cells expressing cyclin C-YFP and the DsRed mitochondrial targeted protein (mt-DsRed) were treated with H 2 O 2 (1 mM), fixed, then examined using fluorescence microscopy. As expected, cyclin C-YFP exhibited nuclear localization in the absence of stress while the mitochondria displayed a typical reticular structure ( Figure 1A , upper panels). Following H 2 O 2 exposure, cyclin C-YFP foci colocalized with the ends of mitochondrial fragments (arrows, Figure 1A , lower panels). We next imaged living cells to eliminate potential fixation artifacts. As before, cyclin C-YFP was not associated with the mitochondrial before stress ( Figure 1B ). However, one hour post H 2 O 2 application, both fragmented and reticular mitochondria could be observed with cyclin C both free and associated with ends of the organelle (arrows). Two hours post stress revealed more substantial fragmentation with cyclin C-YFP more clearly at mitochondrial ends (arrows). By 3 h, cyclin-C-YFP could still detected at the mitochondria ( Figure S1 ) although its visualization required increased exposure time due to its stress-induced degradation (Cooper et al., 2012) .
To confirm that cyclin C associates with the mitochondria, subcellular fractionation studies were performed from wild-type cultures expressing endogenously Tandem Affinity Purification (TAP) tagged cyclin C before and after (1 h) exposure to H 2 O 2 (1 mM). A one hour timepoint was chosen as the time required to harvest and freeze the samples places the time between one and two hours. Western blot analysis revealed that cyclin C-TAP levels were elevated in the enriched mitochondrial fraction following H 2 O 2 treatment ( Figure 1C ). These samples contained similar mitochondrial concentrations and nuclear contamination as determined by stripping the blot and probing for the presence of Por1p (Henriquez et al., 1990) and Npl3p (Bossie et al., 1992) , respectively. However, cyclin C-TAP was not enriched in mitochondrial fractions prepared from a strain deleted for Fis1p, the receptor required to recruit the fission machinery suggesting that this association was physiological. Finally, treating the 1 h stressed mitochondrial-enriched sample with Proteinase K degraded both cyclin C-TAP and the outer membrane protein Por1p ( Figure 1D ). The protection of the inner matrix protein Mam33p (Seytter et al., 1998) from Proteinase K indicated that the mitochondria in these preparations were intact. Taken together, these results indicate that cyclin C translocates from the nucleus to the cytoplasm where it associates with the outer membrane of the mitochondria in a Fis1p dependent manner.
The punctate cyclin C-YFP foci pattern and its outer membrane localization has been observed for other mitochondrial proteins including Dnm1p (Bhar et al., 2006) and Num1p (Cerveny et al., 2007) . To determine if cyclin C co-localized with Dnm1p in stressed cells, the localization of cyclin C-YFP and Dnm1p-Cherry was followed in a wild-type strain before and after H 2 O 2 exposure. In the absence of stress, cyclin C-YFP was nuclear while Dnm1p-Cherry was found both associated and free of the mitochondria ( Figure 1E ). Following treatment with H 2 O 2 , the cyclin C-YFP signal was associated with Dnm1p-Cherry in 73% (±8%, n=3) of the cells. Interestingly, the cyclin C-YFP and Dnm1p-Cherry signals were adjoining rather than overlaying (see enlarged insert, Figure 1E ). The finding that cyclin C associates with the fission machinery, combined with the requirement of Fis1p for binding the mitochondria, suggests a role regulating mitochondrial morphology.
Cdk8p and cyclin C are required for stress-induced mitochondrial fission
Yeast mitochondria form branched reticular networks under normal growing conditions that are converted to short tubules upon stress (Westermann, 2010; Youle and van der Bliek, 2012 ) (see Figure 2A ). The stress-induced relocalization of cyclin C to the mitochondria suggested the possibility that it was involved in this fragmentation process. Therefore, mitochondrial morphology was followed in wild type and cnc1Δ strains harboring a mitochondrial targeted DsRed (mt-DsRed) expression plasmid before and after H 2 O 2 treatment. Following peroxide application, ~90% of wild-type cells underwent fission ( Figure 2B , quantitated in Figure 2C ). However, only approximately 20% of the cnc1Δ mutant cells exhibited the fragmentation phenotype. Further studies revealed that cyclin C was required for fission in cells exposed to ethanol stress ( Figure 2D , quantitated in Figure  2C ) or 2 mM H 2 O 2 ( Figure 2E ). These results indicate that cyclin C is required for extensive mitochondrial fission in response to multiple stress conditions.
Cyclin C regulates mitochondrial morphology through a cytoplasmic activity
We previously demonstrated that Cdk8p remains in the nucleus or in the nucleolar compartment following H 2 O 2 stress (Cooper et al., 2012) . Interestingly, Cdk8p is also necessary for normal H 2 O 2 -induced mitochondrial fission ( Figure 2C ). These results are consistent with two models to explain cyclin C function. First, cyclin C mitochondrial relocalization may direct hyper-fission. Alternatively, cyclin C-Cdk8p may regulate the transcription of a gene (or genes) that in turn controls fission. To address these possibilities, we determined whether Cdk8p regulated cyclin C translocation. We reasoned that if cyclin C still interacted with the mitochondria in stressed cdk8Δ cultures, this result would point to a transcriptional role for these factors. Monitoring cyclin C-YFP subcellular localization in a stressed cdk8Δ culture revealed a single tight focus near the nucleus in 68% of the population (arrows, Figure 2F ). This focus partially overlapped with a nucleolar marker (RFP-Nop1p) signal suggesting that cyclin C-YFP localization went from diffuse nuclear to the nucleolus but failed to efficiently enter the cytoplasm. These results indicate that Cdk8p is required for stress-induced cyclin C translocation to the cytoplasm possibly explaining its requirement for mitochondrial fission. A non-transcriptional role for cyclin C is also indicated when mitochondrial morphology was followed in a cnc1Δ mutant expressing a cyclin C derivative harboring a single amino acid substitution (A110V). This mutant remains nuclear following stress (Cooper et al., 2012) but still maintains normal transcriptional control Cooper et al., 2012) . Compared to wild type, mitochondrial hyper-fission was significantly reduced in the strain expressing cyclin C A110V ( Figure 2G ). These results indicate that cytoplasmic translocation of cyclin C is required for stress-induced mitochondrial fragmentation.
Cyclin C is sufficient to induce mitochondrial fission
To test whether cyclin C is sufficient to induce mitochondrial fission, we sought to release cyclin C from the nucleus in the absence of stress. As noted above, cyclin C associates with three other proteins (Cdk8p, Med12p and Med13p) to form the Cdk8 module. We previously described a domain in the amino terminus of cyclin C (Holoenzyme Association Domain or HAD) that is required for transcriptional repression and binding to RNA polymerase II . This domain was identified by a small internal deletion in which the residues KERQK were replaced with two alanines (HADΔ). We verified that the HAD is required for cyclin C interaction with the Cdk8 module using co-immunoprecipitation studies. A strain expressing endogenously myc-tagged Med13p was transformed with plasmids expressing GFP-cyclin C or GFP-cyclin C HADΔ . Protein extracts prepared from these unstressed log-phase cultures were immunoprecipitated with antibodies directed against GFP and the immunoprecipitates probed for the presence of Med13p-myc by Western blot analysis. This experiment revealed that HAD integrity was necessary for Med13p association ( Figure 3A ). We next determined whether the HAD was required for maintaining cyclin C in the nucleus in unstressed cultures. The CNC1 HADΔ allele was fused to YFP and its localization monitored in unstressed cultures by fluorescence microscopy. These studies revealed that unlike cyclin C-YFP that demonstrated diffuse nuclear localization (see Figure 1B ), > 90% of the cyclin C HADΔ -YFP expressing cells exhibited cytoplasmic foci (see Figure 3B for representative image). Closer examination revealed that cyclin C HADΔ -YFP co-localized to the mitochondria (arrows, Figure 3B ). Importantly, the GFP-cyclin C HADΔ foci were found at mitochondrial regions that are either undergoing constriction or at sites of fission (see arrows, mt-DsRed panel). These results suggest that cyclin C HADΔ directs mitochondrial fission in the absence of stress. To test this hypothesis, mitochondrial morphology was monitored in log-phase unstressed cells expressing either cyclin C or cyclin C HADΔ . These experiments revealed that the mitochondria exhibited more fission in the cyclin C HADΔ expressing strains ( Figure 3C ). In addition, we observed an intermediate mitochondrial morphology in which the cells contained a mixed content of fragmented and fused mitochondria (see Figure S2A for additional example images). This "mixed" morphology was the largest category observed in cyclin C HADΔ expressing cells. Furthermore, this mitochondrial fragmentation required Dnm1p as >99% of a mid-log dnm1Δ culture expressing cyclin C HADΔ displayed the net phenotype indicative of loss of Dnm1p function ( Figure 3D ). These results indicate that cyclin C HADΔ -dependent fragmentation occurred through the normal fission machinery. Finally, since stress-induced cyclin C destruction occurs in the cytoplasm (Cooper et al., 2012) , we next determined if precocious cytoplasmic cyclin C localization affected its destruction kinetics. A stress timecourse experiment was performed with wild-type cultures expressing myc-cyclin C or myc-cyclin C HADΔ . After normalizing to Tub1p levels, these experiments revealed that the half-life of cyclin C C HADΔ was less than half that of the wild type (14 min versus 32 min, respectively, Figure 3E ). Taken together, these results indicate that cytoplasmic localization of cyclin C is sufficient to induce mitochondrial fission without an added stress signal. However, the fission extent was less than that observed for stressed cells (see Figure 2B ). This result may suggest that the HAD domain is important for high efficiency fission to occur. Alternatively, an additional stress signal may be necessary to fully execute the fission program.
To address this issue in another way, we placed cyclin C on a high-copy plasmid that induced about 8-fold increase in protein levels ( Figure S2B ). Although most of cyclin C remained nuclear, this overexpression allowed release of the protein without stress ( Figure  S2C ). Similar to cyclin C HADΔ , the presence of cyclin C in the cytoplasm induced mitochondrial fission to levels approaching those observed in stressed cells ( Figure S2D ). In addition, we found that precocious fission also renders cells more sensitive to Yca1pindependent ROS-induced programmed cell death ( Figures S2E and S2F ) suggesting a connection between these two processes. These findings indicate that cyclin C is sufficient to induce fission in the absence of stress and that the HAD plays a role in nuclear retention and perhaps regulating mitochondrial morphology.
An intact fission complex is required for normal cyclin C mitochondrial localization
The results presented in Figure 1C indicated that the mitochondrial localization of cyclin C requires the outer membrane receptor Fis1p. To verify this conclusion, cyclin C-YFP localization was monitored in a fis1Δ mutant before and after H 2 O 2 stress. Fluorescence microscopy revealed that cyclin C-YFP displayed normal nuclear localization in an unstressed fis1Δ mutant ( Figure 4A ). As expected, fis1Δ strains displayed the collapsed net mitochondrial morphology seen previously (Jakobs et al., 2003) that formed more condensed aggregates in stressed cells. Unlike wild type, the majority of the cyclin C-YFP cytoplasmic foci was independent of the mitochondria (arrows, Figure 4A ) in the fis1Δ mutant. However, approximately a third of the population exhibited some association of cyclin C-YFP with the mitochondria. Evaluating the localization of cyclin C-YFP foci was difficult due to the large mitochondrial aggregates that formed in these stressed mutants perhaps leading to an overestimate of mitochondria-cyclin C-YFP co-localization. Similarly, Dnm1p and Mdv1p were required for stress-induced cyclin C mitochondrial localization (Figures 4B and 4C, see Figure 4A for quantitation). A wide field view of mitochondrial morphology in a stressed dnm1Δ strain is presented in Figure S3 . These data indicate that a functional fission complex composed of Fis1p, Dnm1p and Mdv1p is required for the normal H 2 O 2 -induced mitochondrial association of cyclin C.
We next investigated whether a connection existed between the roles of cyclin C in promoting PCD and mitochondrial fission. Previous studies analyzing the stress sensitivity of fis1Δ stains were complicated by the findings that the strain also carried a whi2 gene mutation (Cheng et al., 2008; Fannjiang et al., 2004) . Therefore, we first confirmed the presence of the wild-type WHI2 allele by DNA sequence analysis. Following exposure to different H 2 O 2 concentrations, the fis1Δ mutant was resistant to H 2 O 2 compared to wild type but the phenotype was not as strong as that observed in the cnc1Δ mutant ( Figure 4D ). In addition, the cnc1Δ fis1Δ double mutant displayed H 2 O 2 sensitivity similar to the cnc1Δ single mutant. These results suggest that cyclin C-dependent regulation of PCD may not be solely due to its ability to induce mitochondrial fission (see discussion).
Productive Dnm1p filament formation requires cyclin C
Under normal growing conditions, Dnm1p dynamically associates with the mitochondrial surface forming puncta that mark potential sites for mitochondrial division (Cerveny et al., 2007; Legesse-Miller et al., 2003; Mozdy et al., 2000; Otsuga et al., 1998; Sesaki and Jensen, 1999) . Under unstressed conditions, Dnm1p foci have been characterized as either non-productive aggregates associating with the mitochondrial edge (arrowhead, Figure 5A ) or productive spirals centered on the mitochondrial axis (arrow, Figure 5A ) associated with mitochondrial constriction (Schauss et al., 2006) . Shortly after H 2 O 2 exposure, the number of productive Dnm1p foci increased and by one hour, the majority of the foci appeared productive. To ask whether cyclin C regulates Dnm1p-mitochondrial association and/or filament formation, this experiment was repeated in cnc1Δ cells. A similar profile of Dnm1p foci was observed in the unstressed cnc1Δ mutant and the wild-type control ( Figure 5B ). After a one hour H 2 O 2 exposure, the Dnm1p-GFP foci were generally larger than those observed in the wild type ( Figure S4A ) but appeared associated with the mitochondria ( Figure 5B) indicating that cyclin C is not required for recruiting Dnm1p to the mitochondria. Larger than normal Dnm1p-GFP foci were also observed in ethanol stress cells ( Figure S4B ). However, the vast majority of the Dnm1p foci were non-productive as determined by the lack of mitochondrial constriction and their association with the mitochondrial edge (arrowheads, Figure 5B ). Similar Dnm1p structures were reported in unstressed mdv1Δ (Karren et al., 2005; Naylor et al., 2006) or fis1Δ (Mozdy et al., 2000; Suzuki et al., 2005) mutants. Moreover, Dnm1p focus formation in stressed mdv1Δ or fis1Δ cells (see Figures 5C and 5D ) phenocopied the results observed in the cnc1Δ strain (compare one hour timepoints). As expected by the Dnm1p-GFP morphology, stressed mdv1Δ strains do not undergo fission ( Figure S4C ). Taken together, these results indicate that, similar to Mdv1p and Fis1p, cyclin C is required for the increased formation of productive Dnm1p spirals on the mitochondria in stressed cells.
Cyclin C interacts with Mdv1p and is required for its normal stress-induced mitochondrial localization
The similar aberrant Dnm1p localization phenotypes in the cnc1Δ and mdv1Δ mutant strains suggested a functional connection between these two factors. Mdv1p serves as an adaptor between the Fis1p receptor and Dnm1p (Karren et al., 2005; Naylor et al., 2006; Tieu et al., 2002) . Under normal growing conditions, several Mdv1p localization profiles are observed with the most predominant type containing puncta both associated (white arrows, Figure 6A ) and independent (blue arrows) of the mitochondria. In response to stress, this pattern shifts to primarily mitochondrial associated at sites of fission (white arrows, right panel Figure  6A ). To test whether cyclin C regulated Mdv1p localization, we utilized an Mdv1p-GFP profile scoring system established in a previous study (Koirala et al., 2010) . In unstressed wild-type cells, over half of the population exhibited Mdv1p-GFP foci associated with the mitochondria ( Figure 6B ) with two additional categories (puncta with smooth cytoplasmic and smooth cytoplasmic) also being observed. A similar Mdv1p-GFP localization profile was observed in unstressed cnc1Δ mutants. In the wild-type cultures exposed to H 2 O 2 , the Mdv1p-GFP signal primarily reorganizes to mitochondrial puncta at presumptive scission sites. However, this pattern was largely absent in the cnc1Δ strain. Although mitochondrial puncta were observed, much of the GFP signal remained diffuse in the cytoplasm. These results indicate that cyclin C is required for normal Mdv1p mitochondrial loading and/or its stable association with this organelle.
We next determined whether cyclin C and Mdv1p interacted using three separate approaches. First, co-localization of Mdv1p-DsRed and cyclin C-YFP in stressed cells was monitored by fluorescence microscopy. These results indicated a strong co-localization of the two proteins with 81% of the cyclin C-YFP foci co-localizing with Mdv1-Cherry ( Figure  6C ). Next, we examined whether the two proteins could interact in a two-hybrid assay. Previous studies found that Fis1p interacted with Mdv1p and Caf4p using this approach Tieu et al., 2002) . Interestingly, cyclin C also interacted with Mdv1p-DBD in this system ( Figure 6D ). However, cyclin C did not interact with Fis1p in two-hybrid studies ( Figure S5) suggesting that cyclin C did not associate with all fission machinery components. Our studies with cyclin C HADΔ suggested that the HAD may have a role in mediating fission. Therefore, we examined whether cyclin C HADΔ could interact with Mdv1p in the two-hybrid system. These studies found that the HAD was not required for Mdv1p bindings ( Figure 6E ). Therefore, if the HAD mediates stress-induced fission, it does so independent of Mdv1p binding.
Finally, co-immunoprecipitation assays were conducted with and the endogenously expressed Mdv1p-HA and the cyclin C-TAP fusion protein. Extracts were prepared from wild-type cultures expressing these proteins before and after treatment with H 2 O 2 (1 mM). These studies revealed that cyclin C-TAP co-immunoprecipitated with Mdv1p-HA in stressed but not unstressed cells ( Figure 6F) . This interaction appears transient as the cyclin C-TAP signal was most robust in the one hour timepoint but reduced by two hours after H 2 O 2 addition. This result may reflect the unstable nature of the fission complex or the overall loss of cyclin C-TAP levels due to its stress-induced destruction (left panel, Figure  6F and see Figure S5B ). Finally, we asked whether cyclin C-Mdv1p interaction required a stress signal. To address this question, we took advantage of our finding that cyclin C HADΔ was released from the nucleus without stress. Therefore, the association of cyclin C HADΔ -YFP and Mdv1p-DsRed was monitored in unstressed cells. These results indicate that, similar to cyclin C, the HADΔ derivative associates with Mdv1p (arrows, Figure 6G ). Taken together, these experiments indicate that cyclin C interacts with Mdv1p and that this interaction is driven by co-localization of these proteins in the same subcellular compartment.
Cyclin C is required for normal Mdv1p-Dnm1p association
Our results indicate that cyclin C is required for stress-induced hyper-fission. Therefore, e next sought a mechanism to explain this observation. Extensive mitochondrial fragmentation can be accomplished by inhibiting fusion, enhancing fission, or both. However, we do not detect down regulation of the fusion protein Fzo1p ( Figure S6A ) or induction of Mdv1p or Dnm1p fission genes in cnc1Δ mutants ( Figures S6B) . These findings are consistent with our earlier conclusion that cyclin C regulates fission through its cytoplasmic, not nuclear, activities. Alternatively, based on our imaging analysis, increased mitochondrial fragmentation in stressed cells could be due to enhanced interaction of fission machinery components in a cyclin C-dependent manner. However, co-immunoprecipitation experiments found no differences in either Mdv1p-Fis1p association ( Figure S6C ). Interestingly, we observed a modest upregulation of Mdv1p and Fis1p in the cnc1Δ mutants ( Figure S6C , middle and bottom panels) that was due to increased transcription ( Figure  S6D ). However, this increase in gene expression did not overcome the need for cyclin C for stress-induced fission.
In our experiments examining Mdv1p-mitochondrial association in a cnc1Δ mutant, a predominant phenotype we observed was smooth cytoplasmic and smooth mitochondrial (see Figure 6B ). A similar result was obtained with Mdv1p mutants defective for their homodimerization (Koirala et al., 2010) . Therefore, we measured the ability of Mdv1p to homodimerize in stressed cnc1Δ mutants. Co-immunoprecipitation experiments were conducted with a wild type or cnc1Δ mutant expressing Mdv1p-3HA and Mdv1p-13myc before and following H 2 O 2 stress. In the wild-type extracts, no increase in Mdv1p dimerization was observed in stressed cells ( Figure 7A) . Similarly, Mdv1p-Mdv1p dimerization was also unchanged in the mutant extracts. These results indicate that Mdv1p dimerization efficiency does not change in stressed cells and that this process is not regulated by cyclin C.
We next asked if the interaction between Mdv1p and Dnm1p was regulated by cyclin C. Coimmunoprecipitation studies from extracts prepared from wild-type cells revealed a low but detectable co-immunoprecipitation between Mdv1p and Dnm1p that increased in response to stress ( Figure 7B , top panel). A similar low-level interaction between Mdv1p and Dnm1p was observed in unstressed cnc1Δ extracts. Unlike wild type, an elevated interaction between Mdv1p and Dnm1p was not seen in cnc1Δ stressed extracts. These results were not due to changes in Mdv1p-GFP or Dnm1p-myc levels in the mutant strain (middle and bottom panels, see Figure S6E ). These findings indicate that cyclin C is required for enhanced interaction between Dnm1p and Mdv1p in stressed cells. To examine this question in another way, Dnm1p-Cherry and Mdv1p-GFP localization was examined by confocal microscopy before and after oxidative stress in wild type and cnc1Δ mutants. Prior to H 2 O 2 application, the percentages of Mdv1p foci overlapping with Dnm1p were similar in both wild type and mutant strains (25%±8.5 vs. 22%±3.5, respectively, Figure 7C ). Following stress, Dnm1p and Mdv1p exhibited nearly complete co-localization in uniformed sized complexes in the wild-type control. However, Mdv1p-Dnm1p interaction efficiency did not change in the stressed cnc1Δ mutant (29%±3) and was significantly reduced compared to wild type (65%±8, p =0.007). These results indicate that cyclin C does not appreciably affect Mdv1p and Dnm1p function in unstressed cells. However, in stressed cells, cyclin C is required for both Mdv1p recruitment to the mitochondria ( Figure 6B ) and its enhanced association with Dnm1p. These results suggest a model that cyclin C enhances Mdv1p-Dnm1p interaction, which in turn drives formation of productive Dnm1p spirals responsible for the elevated mitochondrial fission associated with stress.
Discussion
Mitochondrial morphology is controlled by the opposing activities of the fusion and fission machinery. In many organisms tested, cellular damage results in a dramatic shift in mitochondrial morphology from highly interconnected tubules to extensive fragmentation. Failure to undergo elevated fission reduces the ability of the cell to survive exogenous stress. Although the same machinery is required for normal and stress-induced fission, how the cell shifts the balance toward fission has remained enigmatic. This report provides evidence that the nuclear transcription factor cyclin C is both necessary and sufficient to induce extensive mitochondrial fragmentation. Cyclin C and its kinase Cdk8p negatively regulate a subset of stress response genes. In response to stress, this repression is relieved by cyclin C relocalization to the cytoplasm where it is destroyed. Prior to its destruction, cyclin C interacts with Mdv1p and is required for stress-enhanced Mdv1p-Dnm1p association. These results reveal a mechanism that coordinates stress gene induction with mitochondrial fission through cyclin C function.
How does cyclin C enhance mitochondrial fission in stressed cells? One possibility is that the cyclin C-Cdk8p kinase regulates the transcription of genes that control the fission/fusion balance. Alternatively, cyclin C plays a cytoplasmic role, independent of Cdk8p, to mediate mitochondrial fission. Several results presented in this paper argue against a transcriptional role for cyclin C in controlling fission. First, we presented several pieces of data indicating that loss of cyclin C does not alter mitochondrial morphology in unstressed cells. Previous studies have demonstrated that reducing or overexpressing components of the fission or fusion machinery changes mitochondrial fission under normal growth conditions (Bleazard et al., 1999; Hermann et al., 1998; Otsuga et al., 1998; Sesaki and Jensen, 1999) . In addition, the HADΔ mutation causes loss of transcriptional repressor ability . However, unlike the strains harboring the cnc1Δ allele, cyclin C HADΔ enhances, rather than prevents, fission. Finally, the presence of the A110V mutation still permits cyclin C transcriptional regulation but prevents its translocation to the cytoplasm (Cooper et al., 2012) . In this study, we demonstrate that cyclin C A110V can no longer mediate stress-induced fission. These results all point to a cytoplasmic, not transcriptional, role for cyclin C in controlling mitochondrial fission.
In unstressed wild-type cells, the majority of Dnm1p is assembled into inactive aggregates located on the sides of mitochondria (Legesse-Miller et al., 2003; Schauss et al., 2006) . However, in response to stress, Dnm1p foci are predominately in the "activated" state as defined by their centered location on the mitochondrial axis and the appearance of a membrane constriction at this site (see Figure 6A ). At this point, it is not clear whether these "activated" foci are converted from inactive aggregates or are generated de novo although the latter seems more likely. In either case, the appearance of "active" Dnm1p foci is not observed in stressed cnc1Δ mutants indicating that the cyclin is required for this critical step in the fission process. A similar phenotype was observed in mdv1Δ mutants (this study and (Lackner et al., 2009; Naylor et al., 2006) suggesting a functional interaction between these two proteins. This possibility is supported by our findings using three independent methods that cyclin C and Mdv1p physically interact. These results suggest that cyclin C stimulates, and/or stabilizes, an elevated interaction between Mdv1p and Dnm1p that in turn promotes stress-induced mitochondrial fragmentation.
How does cyclin C increase fission efficiency in stressed cells? Based on several observations, we propose that cyclin C is most likely playing a regulatory rather than structural role in this process. First, the number of cyclin C molecules in the cell is greatly reduced compared to Dnm1p or Mdv1p. For the latter two proteins, their estimated abundance is approximately 9600 and 3700 molecules per cell based on Western blot analysis probing for identical epitope tags (Ghaemmaghami et al., 2003) . However, the same study did not detect cyclin C (or Cdk8p) in their assays suggesting a far smaller concentration as is typical for many transcription factors. In addition, our coimmunoprecipitation experiments found that the cyclin C-Mdv1p interaction was detected predominately early in the stress timecourse. However, this interaction was transient being somewhat reduced by 2 h post H 2 O 2 addition. This result was not anticipated as the interaction of cyclin C-YFP and Mdv1p-Cherry is clearly observed at this latter timepoint. Given the stringent conditions employed in our co-immunoprecipitation experiments compared to imaging live cells, these observations may reflect differences in complex stability early and late in the oxidative stress response. Interestingly, the Mdv1p-Dnm1p interaction observed in stressed cells remained elevated through the two h timepoint well within the timeframe in which mitochondrial fission is actively ongoing. Taken together, these results suggest a model that cyclin C is required early in the process to establish productive Fis1p-Mdv1p-Dnm1p complexes capable of executing a scission reaction. Once established, loss of cyclin C from this complex, and its subsequent destruction, may represent a mechanism by which the cell attenuates this accelerated mitochondrial fission process.
Programmed cell death (PCD) in yeast displays many of the signature events observed in metazoans including extensive mitochondrial fission, loss of mitochondrial integrity and release of pro-apoptotic factors (reviewed in (Carmona-Gutierrez et al., 2010; Frohlich et al., 2007) . These findings indicate that basic mechanics of PCD have been conserved from yeast to humans. Although some regulators have not been found in yeast (e.g., p53), caspases (reviewed in (Wilkinson and Ramsdale, 2011 ) and a Bcl-2 family member (Buttner et al., 2011) have been identified suggesting that portions of regulatory pathway governing PCD have remained intact throughout evolution. In our previous studies, we found that cyclin C is a negative regulator of stress response genes (Cooper et al., 1997; Cooper et al., 2012) and positively regulates programmed cell death (PCD) in yeast (Krasley et al., 2006) . Combined with our current studies, these results suggest a dual role for cyclin C relocalization in controlling the ROS response in yeast ( Figure 7D ). In the first step, relocalization of the yeast cyclin C to the cytoplasm relieves its repressor function thus allowing normal induction of stress response genes (Cooper et al., 2012) . In the second step, cyclin C triggers mitochondrial fragmentation. However, extensive fission alone is not sufficient to induce cell death. Therefore, an additional stress signal appears required to evoke the final stages of the PCD pathway. Using cyclin C as a messenger to the mitochondria would allow the cell to coordinate its stress response between the nucleus and other organelles. This dual role may explain why cnc1Δ mutants are more resistant to H 2 O 2 than either dnm1Δ, mdv1Δ or fis1Δ strains. Derepression of stress response genes such as catalase and Hsp70 prior to H 2 O 2 exposure may partially protect the cell by detoxifying the reactive oxygen and allowing damaged proteins to refold correctly (see (Morano et al., 2012) for review). Another, not mutually exclusive, possibility is that, unlike fis1Δ mutants, loss of cyclin C activity does not alter mitochondrial morphology in unstressed cells. Therefore, more reticular mitochondria, unlike the aggregates observed in fis1Δ mutants, may be better equipped to deal with ROS-induced cell damage. Taken together, these findings indicate that cyclin C plays multiple roles in the stress response to thus allowing cells to coordinate actions in the nucleus and mitochondria.
Materials and Methods
Strains, and plasmids
The strains used in this study are derived from a W303a-related strain RSY10 (Strich et al., 1989) and listed in the Supplemental Materials and methods section. In accordance with the mediator nomenclature unification effort (Bourbon et al., 2004) , the yeast cyclin C-Cdk8p kinase will use CNC1 (a.k.a.SSN8/SRB11/UME3) and CDK8 (a.k.a. SSN3/SRB10/UME5) gene designations, respectively. Please see Supplemental Materials and methods section for details about plasmids used in this study.
Cell growth and survival assays
Cells were grown in either rich, non-selective medium (YPDA) or synthetic minimal medium (SC) allowing plasmid selection as previously described (Cooper et al., 1997) . Galactose inducible gene expression (gal1-mt-CFP and MDV1-dsRed) was achieved by adding galactose (1% final concentration) to cultures grown in SC with raffinose as the carbon source. All MET25 inducible plasmids (MDV1-MYC, MDV1-HA, FIS1-MYC) were grown under non-inducing conditions as described (Koirala et al., 2010) . Viability studies were conducted with mid-log phase (6 × 10 6 cells/ml) treated with 1 or 2 mM H 2 O 2 for 2 h then serially diluted (1:10) and plated on minimal complete medium with or without plasmid selection as indicated in the text. TUNEL assays were conducted essentially as previously described (Krasley et al., 2006; Madeo et al., 1997) . At least 400 cells were counted per timepoint from three independent cultures. DHE oxidation assays were performed as described (Buttner et al., 2007) and DHE positive cells were quantitated by direct cell count using fluorescence microscopy. All statistical analysis was performed using the student's T test with p <0.05 considered significant. All analyses were conducted with at least three independent cultures with 200 or more cells counted per timepoint.
Subcellular fractionation
Subcellular fractionation of yeast mitochondria were accomplished essentially as described previously (Diekert et al., 2001) with the following modifications. The enriched mitochondrial fraction was purified from a mid-log phase culture (4 L per timepoint) before and one hour after treatment with H 2 O 2 (1 mM). Due to the low abundance of cyclin C-TAP, approximately one third of the enriched mitochondrial preparation was loaded per sample. Whole cell extract samples represent 1/100 of mitochondrial preparation. Proteinase protection assays of mitochondrial bound cyclin C were conducted by adding 100 µg/ml of recombinant Proteinase K (Roche) for 15 min on ice. The control sample was incubated under the same conditions without added protease.
Immunofluorescence Microscopy
Localization studies of chimeric fusion proteins were performed on fixed or living cells as indicated in the text. Cells were fixed in 3.7% para-formaldehyde and stained with 4', 6diamidino-2-phenylindole (DAPI). For all experiments, the cells were grown to mid-log (5 × 10 6 cells/ml), treated with 1 mM H 2 O 2 for the timepoints indicated, then analyzed by fluorescence microscopy as described in the Supplemental Materials and methods. The images (0.2 µM slices at 0.2 µM spacing) were analyzed as described above. In all panels, the bar = 5 µM unless otherwise stated.
Fluorescence microscopy scoring methods
To measure co-localization signals ( Figures 1E, 4A , 4B, 4C, 6C, 7B, 7C), total foci exhibiting co-localization (with the mitochondria or another protein signal) were divided by the total foci observed. At least 30 cells were counted from three independent samples. Mitochondrial fission was scored positive if no reticular mitochondria were observed that transversed half the cell diameter. Fusion was scored when cells exhibited one or more reticular mitochondria the diameter of the cell. Fission and fusion was scored for 200 cells from three independent isolates. The intermediate or mixed mitochondria phenotype ( Figure  3C ) described cells containing both ≥3 mitochondrial fragments in addition to an elongated mitochondrion equal to the diameter of the cell. The cyclin C-YFP-nucleolus association ( Figure 2D ) was scored positive when one condensed YFP signal was observed within or adjacent to the nucleolar signal. 50 cells were counted from three independent isolates. Statistical analysis was performed using the Student's T-test with p<0.05 used to indicate significant differences.
Molecular biology methods
Western blot and co-immunoprecipitation analyses from yeast extracts were performed essentially as described (Cooper et al., 1997) with the modifications indicated in the Supplemental Materials and methods section. Western blot signals were detected using secondary antibodies conjugated to alkaline phosphatase (Sigma) and the CDP-Star chemiluminescence kit (Tropix). Quantitation of Western blot signals was accomplished using the chemiluminescence imager (Kodak Inc.).
Highlights
Cyclin C exhibits stress-induced nuclear to mitochondrial relocalization.
Cyclin C is required for stress-enhanced Mdv1p-Dnm1p association.
Cyclin C is required for stress-induced mitochondrial fragmentation. Cytoplasmic cyclin C is sufficient to induce fission. (A) Extracts prepared from a wild-type strain expressing endogenously tagged MED13-myc allele, GFP-cyclin C or the HADΔ derivative as indicated were immunoprecipitated with GFP antibodies and the resulting immunoprecipitates probed for the presence of Med13-13myc. This blot was stripped and reprobed for GFP to ensure similar expression levels between the two GFP-cyclin C proteins. Extracts immunoprecipitated with myc or whole cell extracts (WCE) directly probed for myc controlled for the presence of Med13-13myc in the extracts. [ ] indicates no antibody control lanes. (B) Fluorescence microscopy monitoring the location of cyclin C HADΔ , the nucleus (DAPI) and mitochondria (mt-DsRed). Arrows indicate sites of mitochondria-cyclin C HADΔ interaction. Bar = 5 µM. (C) A cnc1Δ mutant expressing either wild type or cyclin C HADΔ and mt-DsRed were grown to mid-log phase then examined by fluorescence microscopy. The cells were scored based on the mitochondria exhibiting a fusion, fission or mixed morphology (see Materials and methods for scoring metric). The mean values obtained from three independent transformants are presented (±s.e.m.) along with the p value. (D) The experiment in (C) was repeated with a dnm1Δ cnc1Δ mutant strain. (E) A wild-type strain (RSY10) harboring either myc-cyclin C or myc-cyclin C HADΔ expression plasmids was subjected to an oxidative stress timecourse. Extracts prepared from these samples were probed for cyclin C and cyclin C HADΔ levels by Western blot analysis. Tub1p levels were used as a loading control. See also Figure S2 . Mitochondrial localization of cyclin C requires the fission complex. (A) Log phase fis1Δ cells harboring cyclin C-YFP and the mt-DsRed expression plasmids were treated with 1 mM H 2 O 2 as indicated then examined by fluorescence microscopy. Arrows indicate cyclin C-YFP signals that do not associate with the mitochondria. Quantitation of the number of cyclin C-YFP foci associated with the mitochondria is given on the right (mean ±s.e.m. n=3). Asterisks indicate p<0.01 from wild type value. (B) A dnm1Δ strain harboring cyclin C-YFP and mt-DsRed constructs was grown and analyzed as described in (A). White and blue arrows indicate cyclin C-YFP foci either not associating or associating with the mitochondria, respectively. (C) The experiment described in (B) was repeated with an mdv1Δ mutant. (D) Wild type, cnc1Δ, fis1Δ and cnc1Δ fis1Δ mid-log phase cultures were treated with 1 or 2 mM H 2 O 2 for 2 h then serially diluted (1:10) and plated onto rich growth medium. Plates were incubated three days prior to image collection. See also Figure S3 . Cyclin C is required for functional Dnm1p filament formation. Dnm1p-GFP subcellular localization was visualized by confocal microscopy before and following H 2 O 2 stress (1 mM) for the times indicated in (A) WT, (B) cnc1Δ or (C) mdv1Δ cells harboring Dnm1p-GFP and mt-DsRed plasmids. Arrows indicate functional Dnm1p-GFP foci as determined by their centered location with respect to the mitochondrial axis and the constriction of the mitochondrial diameter. Arrowheads indicate non-functional aggregates as indicated by their association with the edge of the mitochondria and the lack of mitochondrial constriction. See also Figure S4 .
for the presence of cyclin C-TAP (top panel). Control immunoprecipitation of Mdv1p-HA is shown in the bottom panel. The control extracts not expressing endogenous Mdv1p-HA (−) are indicated. (G) A wild-type strain expressing mt-CFP, cyclin C HADΔ -YFP and Mdv1p-dsRed was grown to mid-log phase then examined by fluorescence microscopy. The arrows indicate areas of co-localization between the two proteins and the mitochondria. See also Figure S5 . Cyclin C is required for stress-elevated Dnm1p-Mdv1p interaction. (A) WT and cnc1Δ strains expressing MET25-Mdv1p-HA and MET25-Mdv1-myc were grown under noninducing conditions for the MET25 promoter. Extracts prepared from samples taken before and following H 2 O 2 addition were immunoprecipitated with αmyc then the immunoprecipitates probed for the presence of Mdv1p-HA. (B) Extracts prepared from stressed and unstressed wild type and cnc1Δ strains expressing Mdv1p-GFP and Dnm1pmyc were subjected to co-immunoprecipitation experiments as indicated (top panel). Bottom two panels control for Dnm1p-myc and Mdv1p-GFP expression levels in these extracts. [ ] indicate no antibody controls. (C) Co-localization of Mdv1p-GFP and Dnm1-cherry was examined in wild type and cnc1Δ strains before and following H 2 O 2 treatment (1 mM) as indicated. Bar = 5µM. (D) A two-step model for cyclin C regulation of mitochondrial morphology and PCD. In unstressed cells, cyclin C (CC) and Cdk8 repress stress responsive genes. The mitochondria exhibit fused morphology in the majority of cells with Dnm1p and Mdv1p being located both in the cytoplasm and at the mitochondria. Step 1. Stress-induced translocated cyclin C associates with Mdv1p promoting Mdv1p-Dnm1p complex formation and extensive mitochondrial fragmentation.
Step 2. Cyclin C disassociates from the fission complex and is destroyed by ubiquitin-mediated degradation. An additional stress signal, in combination with hyper-fission, is needed to complete the PCD pathway. See also Figure  S6 .
